Hydraulic fracturing is a technique used in the development of shale oil reservoirs, enhanced geothermal system in hot dry rock, etc. The behavior of hydraulically induced fractures is of great interest in such applications. Although hydraulic fractures tend to propagate in the direction of maximum principle stress in theory, the direction of hydraulic fractures does not always correspond with that expected from regional stress due to pre-existing fractures. Furthermore, it has been indicated that the behavior of hydraulic fracture is influenced by the viscosity of injection fluid. Although the effects of pre-existing fractures and the viscosity of injection fluid on the effectiveness of the hydraulic fracturing are individually investigated, the prediction of the combination effect of them still remains as a big challenge. In order to examine the degree of the effectiveness of using high viscous fluid in hydraulic fracturing in naturally fractured rock, we developed a 2D numerical simulation code using discrete element method (DEM) that includes the coupling of solid-fluid interaction, and performed a series of numerical tests. The results show that hydraulic fracture is trapped by the pre-existing fracture in the low viscous fluid case, while it propagates beyond the preexisting fracture in the high viscous case. The results also show that hydraulic fracture propagation could easily be retarded when the interaction angle of hydraulic fracture and pre-existing fracture is high. We conclude that high intersection angle between the hydraulic fracture and pre-existing fracture requires high viscous fluid for effective hydraulic fracturing.
INTRODUCTION
Hydraulic fracturing is a method frequently applied for enhanced recovery of hydrocarbon and geothermal resources. In both fields, precise prediction of hydraulic fracture propagation and the behavior of injected fluid are necessary for effective development. However, natural fractures around the borehole make it difficult to predict the behavior of hydraulic fractures and injected fluid (e.g. Okubo et al., 2013) . The field experiments in Ogachi hot dry rock sites, whose rock is naturally fractured, showed that the hydraulic fracture did not propagate in the maximum stress direction (Kondo, 1994) . In addition to natural fractures, the viscosity of the fluid used in hydraulic fracturing also influences the geometry of hydraulic fractures and the intrusion of fluid. In the field experiment for hydraulic fracturing at Akinomiya in Japan, the permeability of the rock around a borehole is improved by injecting high viscosity fluid (Kaieda et al., 1988) . In this way, both natural fractures and fluid viscosity have great influence on hydraulic fracturing. In our past study, we investigate the influence of both pre-existing fracture and fluid viscosity (Nagaso et al., 2014) . The result shows that the strike angle of pre-existing fracture affects on the propagation direction of hydraulic fracture and behavior of injected fluid. We newly introduce smooth joint model (Ivars et al., 2011 ) into our simulation model and focus on the effectiveness of using high viscous fluid on hydraulic fracturing in naturally fractured rock. We perform numerical simulations using the 2D flowcoupled discrete element method (DEM) code to examine the effectiveness of using high viscous fluid.
METHOD
We use the 2D DEM to simulate hydraulic fracturing. We will give a brief explanation in this paper due to limitations of space. Details can be found in a reference (Potyondy and Cundall, 2004) .
The total force acting on each particle is comprised of a force arising from particle-particle overlap and a force arising from parallel bond. When two particles overlap, a contact is formed at the center of the overlap region and normal force , tangential force , and moment arise. The increments of these forces are given as
where, and are the stiffness of normal and shear springs, , , and are normal and shear displacement and rotation of a particle, and is radius of a particle. The increments of normal force ̅ , tangential force ̅ , and moment ̅ carried by the parallel bond can also be calculated from relative motion of the bonded particles, and given as
where ̅̅̅ , ̅̅̅ , and ̅̅̅ are the stiffness of normal, shear, and rotational spring of the parallel bond. These stiffnesses are given as the following equation by the beam theory. ̅̅̅ = (7)
Where , , , , and are length, diameter, Young's modulus, stiffness ratio, and inertia of the parallel bond. Normal stress and shear stress act on contact point of the bonded particles and are given as follows.
When exceeds the tensile strength or exceeds the shear strength , the bond breaks. Criterions for the bond break can be written as follows.
≤ − (12) | | ≥ (13) When each bond breaks, a micro crack is generated at the contact point of the particles.
To simulate fluid flow, the fluid flow algorithm is introduced into the DEM program. In the fluid flow algorithm, pores are assumed to be in the center of the enclosed domain, and flow channels connecting pores are assumed to be at the contact points of particles. Since the fluid flow in the flow channels is assumed to be the laminar flow, the flow rate is calculated by using the Poiseuille equation and is given as 
where w is aperture, is length of the flow channel, ∆ is pressure difference of two neighboring pores, and is viscosity of the fluid. Each pore accumulates the fluid pressure and the pressure increment at each pore is given as
where is fluid bulk modulus, is current pore volume, ∑ is total flow rate from the surrounding channels, is change of volume of the pore. Fluid pressure accumulated in the pore and shear stress caused by fluid flow is acting on particles. Pore pressure is acting on the particle surface and is given as
where is corner half-angle of a domain. The share stress caused by fluid flow is acting at the contacting point of the particles. Force arising from the share stress is given as the following equation by the Hagen-Poiseuille equation
To consider partially saturated condition, saturation in each pore is introduced (Shimizu et al., 2011) . The saturation is given as =
where and is volume of pore and fluid in the pore, and is porosity of the model. When > 1, the pore is saturated with fluid and has fluid pressure. On the other hand, when < 1, the pore is not saturated and the fluid pressure is zero. Figure 1 shows our simulation model for hydraulic fracturing. Size of the model is 50 cm in width and 50 cm in height. A borehole whose diameter is 5 cm is put at the center of the model. 10 MPa in the x-direction and 5 MPa in the y-direction are applied to the model so that the hydraulic fracture propagates in the x-direction. Microscopic parameters are calibrated by preliminary simulations of unconfined compression test, uniaxial tensile test, and permeability test. A pre-existing fracture is just by ending the particle bonds which intersect with the pre-existing fracture. We apply the smooth joint model (Ivars et al., 2011) for the particle contact point along pre-existing fracture. Initial aperture of the pre-existing fracture is set to be three times as large as that of intact rock. Strength of the bonds in pre-existing fracture is also set to be half as large as that of intact rock. Fluid pressure is applied in the borehole by injecting fluid with fixed injection rate and hydraulic fracture intersects with the preexisting fracture with strike angle of . We perform numerical simulations in the case of = 30°, 90°, and low viscous fluid (viscosity = 0.1 mPa s) and high viscous fluid ( = 300.0 mPa s) are used in each case, so we perform totally six simulations. We call these simulation patterns 30-Low, 90-Low, 30-High, 90-High. These results show that hydraulic fracture is trapped by the pre-existing fracture in low viscous fluid injection while it propagates beyond the preexisting fracture immediately in high viscous fluid injection. In both cases of the high viscous fluid injections, hydraulic fracture propagates beyond the pre-existing fracture at 0.02 second. On the other hand, in all cases of the low viscous fluid injections, hydraulic fracture propagates beyond the preexisting fracture after 0.04 second has passed since fluid injection begins. This is caused by the pressure acting on the bore-hole wall and the internal wall of hydraulic fracture. The fluid pressure is high in high viscous fluid injection and low in low viscous fluid injection.
MODEL SETTING

RESULT and DISCUTION
The result also shows that hydraulic fracture propagation could easily be retarded when the interaction angle of hydraulic fracture and the preexisting fracture is high. In low viscous fluid injection, hydraulic fracture propagates beyond the pre-existing fracture at 0.04 second in 30-Low, and it has not propagated at 0.05 yet in 90-Low. If strike angle of the pre-existing fracture is low, the normal stress is also small. Since the normal stress acting on the pre-existing fracture is low in the case of 30-Low, the pre-existing fracture can be easily opened. This makes the hydraulic fracture possible to propagate beyond the pre-existing fracture during relatively short time. On the other hand, in the case of 90-Low, normal stress acting on the pre-existing fracture is large and the pre-existing fracture is hard to be opened. Therefore, the hydraulic fracture propagation is retarded in the case of 90-Low.
In this way, hydraulic fracture propagation could easily be affected by not only pre-existing fracture around the borehole but also viscosity of the injected fluid. Using high viscous fluid can reduce the influence of the pre-existing fracture on hydraulic fracture propagation, and, especially, using high viscous fluid is effective when is high.
CONCLUSION
To examine the effectiveness of using high viscous fluid in the hydraulic fracturing, we perform the numerical simulations using 2D DEM. The results show that hydraulic fracture is trapped by the pre-existing fracture in the low viscous fluid injection, while it propagates beyond the pre-existing fracture in high viscous fluid injection. This is caused by the strong fluid pressure on the borehole wall and the internal wall of the pre-existing fracture in the high viscosity case. The results also show that hydraulic fracture propagation could easily be retarded when the interaction angle of hydraulic fracture and pre-existing fracture is high. We conclude that high intersection angle between the hydraulic fracture and pre-existing fracture requires high viscous fluid for effective hydraulic fracturing. 
